Abstract. The internal friction of high-purity NiAl single crystals was investigated utilizing a low-frequency subresonance torsion a p m . Above l OOOK the damping increases strongly up to Q-' =0.3 at 1400K. The activation enthalpy of this viscoelastic relaxation depends on the composition and shows the highest value (2.8eV) for stoichiometric NiAl. The results are discussed in terms of diffusionantrolled climb of dislocations by vacancies.
INTRODUCTION
The BZordered intermetallic compound NiAl exhibits a variety of interesting physical properties such as metal-like electrical and thermal conductivity and low density. Its high stiflkess (elastic modulus), good oxidation resistance and high melting point (-1900 K) anticipates application as structure material for high temperature applications. The mechanical properties of materials at high temperatures are largely determined by the creep properties. The creep behaviour of a material is closely related to self diision and, therefore, to the presence and formation of point defects (e.g. vacancies), as pointed out in recent reviews on NiAl [l, 21. .Mechanical loss (internal friction) experiments give another access for the study of the high temperature strength of materials. In a wide range of materials the internal friction exhibits a rapid increase at high temperatures [3, 41 . Recent experiments on NiAl single crystals with stoichiometric composition [5] showed that the activation enthalpy of the thermally activated-high temperature background H = (2.6 * 0.2) eV is close to that for self diision of Ni in NiAl (H -3 eV). This points to a viscoelastic deformation behaviour at high temperatures by contribution of atomic defects, comparable to diffisional creep. In the present paper we report on mechanical loss measurements on NiAl with various compositions near the stoichiometry, to obtain more insight into the correlation between defect/ diffusion properties and the high temperature damping.
THEORETICAL BACKGROUND
In many metals, alloys and ceramics a large increase of the internal friction occurs at high temperatures. This damping is found to be independent of strain amplitude and rises with temperature without indication of a relaxation peak. Such a behaviour is characteristic for either anelastic or viscoelastic relaxation [4] . One method to distinguish between both are quasistatic experiments, since anelastic relaxation is expected to be completely recoverable in contrast to viscoelastic relaxation. However, such experiments lead to technical difficulties because of the high temperatures involved (for NiAl up to 1400 K). Another experimental approach are dynamical low frequency experiments which are now possible for the frequency range of about lo4 Hz to 10 Hz [61. These experiments require knowledge of the (complex) dynamic response functions MI (a) and Mz (a) for viscoelastic relaxation. Since these are not given in standard textbooks [4, 71, their calculation will be presented briefly in the following.
Viscoelastic behaviour of a solid can be represented by a rheological model consisting of spring with modulus M in series with a dashpot with viscosity 11 = ZM (Z = relaxation time). This is the well-known
Maxwell-model which can be described by the following differential equation 
An analogous equation can be derived for the modulus [8]: Since high temperature viscoelastic behaviour is determined by thermally activated processes, an Arrhenius equation holds for the relaxation time z z" = 7, ' exp (-WkT).
(3) Combination of equations (2) and (3) gives for the temperature dependence, Q-' (T), of viscoelastic relaxation with A = TL'. Equation (5) is equal to that given by Schock et al. (eq. 6 in [3] ). However, their equation was derived by assuming a relaxation model with dislocation motion in a viscous way which, in contrast to eq. (1) is described by a Voigt model (parallel dashpot plus spring) o = a E + b& [4]). Furthermore, the internal friction was taken as the imaginary part of the strain, which is only applicable for small damping. A distribution of relaxation times can be introduced empirically, as proposed by Schock et a1 [3] , by modifying equation (5) as The quantity l/n characterizes the width of the distribution. Ideal viscoelasticity corresponds to n = 1. The ( t i e ) activation enthalpy H can be determined from the frequency shift of the background for a constant value of Q-' independent of if there is a distribution of relaxation times or not. A convenient way of data evaluation follows from eq. (5) In Q-' + n lnw = 1nA -nWkT.
(5a)
EXPERIMENTAL RESULTS
The NiAl alloys with various NdAl contents were prepared by induction melting of 99,998 pure Ni and 99,999% pure A1 under Ar atmosphere and casting into Cu crucibles. Single crystals were prepared by crucible free inductive zone melting under Ar atmosphere. The orientation of the crystals was near the <loo> direction. The composition was determined by chemical analysis (see Table 1 ). The temperature dependence of the internal friction, Q" (T), was determined in a subresonance torsion apparatus (for details see [8] ) for various frequencies between 10" Hz and 10 Hz. Fig. 1 shows mechanical loss measurements of a stoichiometric NiAl single crystal for frequencies in the range of 0.01 Hz to 10 Hz. The rise of the damping temperature curves, Qht(T), strongly increases with decreasing measuring frequency, as expected for viscoelastic damping. The influence of the alloy composition on Q"~~(T) for a common measuring frequency (f = 0.1 Hz) is demonstrated in Fig. 2 for various Al contents between 47 and 51 at%. Q-'~~(T) increases systematically in the sequence 47 + 49 + 50 at % Al followed by a decrease for 51 at. % Al. The temperature dependence of Q-'h,(~) for the various frequencies was evaluated for all specimens by applying equation (5a) In this representation the Q-' ht(T) data for various frequencies should fall in a common line with an appropriate value of n. This could be verified for all specimens (Table 1 ). An example is given in Fig.3 . Using this value of n the (true) activation enthalpy can be obtained from the slope of the line. The activation enthalpy has a maximum value for stoichiometric composition and decreases for both Ni and Al deficiency. The spectrum parameter decreases continuously with increasing A1 content. The variation of the activation enthalpy with Al contents is represented in Fig. 4. 
DISCUSSION AND CONCLUSIONS
The experimental results indicate that the high temperature damping , Q-' h, (T), in NiAl is determined by viscoelastic relaxation. The activation enthalpy H controlling ~-' h , (T), has its highest value of H = 2.8 eV for stoichiometric Ni~oAl~o, This value is close to that for tracer diffision of Ni in NiAl (3.2 eV). The decrease of H with increasing deviation fiom stoichiometry is close to that reported for self diffision experiments (see e.g. [l, 21) . From this analogous behaviour we conclude that the high temperature background in NiAl single crystals is determined by diffusion controlled movement of dislocations, i.e. climb of dislocations via point defects (vacancies). This interpretation agrees with results fiom creep experiments which indicate that high temperature creep in NiAl is climb controlled, i.e. that dislocation glide occurs faster than dislocation climb. Experiments on deformed NiAl [9] indicate that dislocation glide via thermally activated generation of kink pairs occurs with lower activation enthalpy than that for dislocation climb. 
